Electronic and optical properties of (La
Introduction
Lanthanum aluminates, i.e. compounds of lanthanum oxide (La 2 O 3 ) and aluminum oxide (Al 2 O 3 ), are potential candidates for high-k dielectric applications. It has a high dielectric constant of 30 compared with 25 of HfO 2 and ZrO 2 , a large energy band gap from 5.75 to 6.35 eV compared with 5.5 to 6.10 eV of Hf-silicates, and 5.30 to 5.95 eV of Zr-silicates, a large conduction band offset from 2.40 to 2.86 eV compared with 1.19 to 1.54 eV of Hf-silicates, and 1.83 to 2.26 eV of Zr-silicates, and high thermal stability up to 1000
• C. [1, 2, 3] Many experimental studies have reported on electronic, structural, interfacial layer, mobility and electrical properties of La-aluminates using various methods: XPS, SIMS, x-ray diffraction, and comparison with ab initio local density calculations [4, 5, 6, 7] However, we found few studies devoted to the electronic and optical properties of La-aluminate dielectrics for a wide range of energies up to 80 eV. The electronic and optical properties will influence the device performance to a great extent.
Reflection electron energy loss spectroscopy (REELS) is surface sensitive and capable of analyzing the electronic structure of dielectric thin films since the low-energy-loss region reflects the structure of the valence and conduction electrons. When the energetic electron is transported into a solid, the incident electron can be inelastically scattered through interaction with outer and inner shell electrons. [8] Using an algorithm by Tougaard and Chorkendorff, [9] it is possible to remove the multiple scattered electrons from a REELS spectrum and determine an effective single scattering cross-section. The next step is to interpret this experimental effective cross-section in terms of the dielectric function. When analyzing ultrathin films, one applies low primary electron energies to avoid the influence of the underlying substrate. For low primary energies, there is a strong interference between surface and bulk excitations, and a simple model where the surface and bulk excitations are treated as separate events fails [10] and it is necessary to apply rather complex models to get a quantitative description. In this study, we applied the method proposed by Tougaard and Yubero [11] to determine the dielectric function and optical properties of (La 2 O 3 ) x (Al 2 O 3 ) 1−x thin films. This method builds on a detailed dielectric response model of the REELS experiment [12, 13] which has been implemented in the generally available QUEELS-ε(k, ω)-REELS software package. [14] We note that the validity and consistency of this method was extensively tested recently [15] and that it has previously been successfully used to obtain the electronic and optical properties of ultrathin dielectric films. [2,16 -19] 
Experimental
La-aluminate (La 2 O 3 ) x (Al 2 O 3 ) 1−x thin films were grown on p-Si (100) substrate by the atomic layer deposition (ALD) method. Prior to growing the mixed oxide films, p-type Si substrates with a resistivity of 2-5 cm were cleaned using the Radio Corporation of America (RCA) method. Al(CH 3 ) 3 and La(iPrCp) 3 were used as precursors, and O 3 vapor served as the oxygen source. The film was grown in Ar-ambient atmosphere, which was supplied as the purge and carrier gas. The growing temperature was 450
• C. The thickness of La-aluminate films was about 20 nm. REELS spectra of the samples were measured using an ESCALAB210 instrument and recorded at a constant pass energy of 20 eV. The incident and take-off angles from the surface normal were 55
• and 0
• , respectively. The primary electron energies were 1.0, 1.5 and 2.0 keV for excitation in REELS measurement. The energy resolution, given by the full width at half maximum of the elastic peak of backscattered electrons, was about 0.8 eV and the energy loss range was measured up to 100 eV. Figure 1 show REELS spectra for La-aluminate dielectric thin films recorded with a primary electron energy E p = 1500 eV. (100) can be found elsewhere. [1] The first step in the procedure to determine the electronic and dielectric properties of the thin films is to remove the multiple scattered electrons from the REELS spectrum and determine the effective experimental cross-section K exp ( ω) times the corresponding inelastic mean free path λ, in the form of λK exp . This is done with the algorithm in Ref. [9] which has been implemented in the generally available QUEELS-XS-REELS software. Next, the theoretical inelastic cross-section times the corresponding inelastic mean free path λK th is obtained by using QUEELS-ε(k, ω)-REELS software. [11, 14] In this software, the response of the material to a moving electron is described by the dielectric function ε, which is conveniently described by the energy loss function (ELF) Im(−1/ε). To evaluate the ELF, we parameterized it as a sum of Drude-Lindhard type oscillators, which is given by [10 -19] Experimental inelastic cross-section times the corresponding inelastic mean free path, λK exp for La-aluminates on Si substrate (line) obtained from REELS data are compared to theoretical inelastic crosssections λK th (symbol) evaluated using the simulated energy loss function given by the parameters in Table 1 .
Results and Discussion
and α i are the oscillator strength, damping coefficient, excitation energy and momentum dispersion coefficient of the ith oscillator, respectively. The step function θ ( ω − E g ) is included to simulate a possible energy gap, E g , which was estimated from the onset of the energy loss in the REELS spectrum as shown in Fig. 1 . The experimental inelastic cross-sections after background subtraction were fitted with fitting parameters of the A i , γ i , ω i and α i , until good agreement with the calculated inelastic cross-section at several primary electron energies is attained. In the calculation, the oscillator strengths A i in the energy loss function Im(−1/ε) is adjusted to make sure that it fulfills the well established KramersKronig sum rule [8, 12, 14] 2 π
Here n is the index of refraction in the static limit, for (La 2 O 3 ) x (Al 2 O 3 ) 1−x thin film it is 1.8. [20] Actually, the exact value of index of refraction for this model is not critical in the calculation. Figure 2 shows the experimental λK exp (line) and theoretical λK th (symbol) for La-aluminate thin films at primary electron energies of 1.0, 1.5 and 2.0 keV. At the energies of 45 eV to 60 eV, slightly negative values of the λK exp are observed. This is a well known effect which is due to a small difference in estimated multiple surface and bulk excitation events in the applied algorithm compared with the experimental situation. [9] This small negative part was therefore ignored in the fitting procedure. The dielectric function was determined as a parameterization of Im(−1/ε) (the energy loss function (ELF)) expressed as a sum of Drude-Lindhard type oscillators. [12] The resulting parameters of the ELF were determined by a trial and error procedure in which a test ELF function is adjusted until an agreement between the theoretical K th (E 0 , ω) and experimental inelastic cross-section K exp (E 0 , ω) is obtained. Note that the same ELF was used for all energies for each composition of La-aluminate in Fig. 2 . The effect of using the step function is also observed in the theoretical inelastic cross-section at energies less than those of the band gaps of the thin films. The parameters determined for the dielectric function are given in Table I and the corresponding ELF are plotted in Fig. 3 .
The determined ELF of (La 2 O 3 ) 0.5 (Al 2 O 3 ) 0.5 thin films has 6 oscillators in the vicinity of 15.0, 18.5, 20.7, 22.7, 27.8 and 33.0 eV, which is similar for all studied compositions ( the ELF of Al 2 O 3 , there are three oscillators at 14, 22 and 32 eV. [10] For La-aluminate, the peak positions are similar even when we incorporated a large amount of Al 2 O 3 (1 − x = 0.75), and all the oscillators describing energy loss remain relatively strong. This result shows that La 2 O 3 has a strong effect on the electronic structure of La-aluminate thin films. The QUEELS-ε(k, ω)-REELS software [14] also allows to determine, from the parameterized ELF, the real part (ε 1 ) and imaginary part (ε 2 ) of the dielectric functions as well as the refractive index (n) and extinction coefficient (k) as a function of energy loss. The real and imaginary parts of the dielectric function are as follows: [11, 14] 
The refractive index (n) and extinction coefficient (k) are obtained from the dielectric function using the relations n = has a strong effect on the dielectric functions of La-aluminates. At the energy where the imaginary part (ε 2 ) has a maximum, the real part of the dielectric function decreases to ε 1 ∼ 0, which indicates a resonance energy. [21] High-energy region above the resonance energy peak represents higher transparency [22, 23] In this energy region, ε 2 ( Fig. 4(b) ) and k ( in La-aluminate thin films, the n and k are similar to those for x = 0.5, which indicates that La 2 O 3 has a strong effect on the optical properties of La-aluminate dielectric thin films.
Conclusion
The electronic and optical properties of La-aluminate thin films have been obtained from a quantitative analysis of experimental REELS spectra. The dielectric functions were obtained by comparison to detailed dielectric response model calculations using the QUEELS-ε(k,ω)-REELS software package. The peak shapes and loss positions of ELF, ε 1 , ε 2 , n and k indicate that the La 2 O 3 has a strong effect on the electronic and optical properties of La-aluminate dielectric thin films. From these, we conclude that the d states of La have a strong effect on the electronic structure of La-aluminates, even if we incorporate up to 75% of Al 2 O 3 into La 2 O 3 .
